Hereditary hemorrhagic telangiectasia (Osler-Weber-Rendu syndrome) is a relatively common, underdiagnosed autosomal-dominant disorder of arteriovenous malformations and telangiectases. DNA testing for hereditary hemorrhagic telangiectasia has recently become available in North America, making presymptomatic screening available to relatives with a positive molecular diagnosis. This now enables practitioners to prevent catastrophic complications of undiagnosed pulmonary and CNS arteriovenous malformations and eliminates the need to radiographically screen all at-risk relatives shown to be unaffected by molecular testing. We review the clinical aspects of hereditary hemorrhagic telangiectasia, describe the indications, benefits, and limitations of molecular diagnostic testing for hereditary hemorrhagic telangiectasia, and provide a molecular genetics summary to facilitate genetic counseling before and after DNA testing for this complex disorder. Genet Med 2004:6(4): [175][176][177][178][179][180][181][182][183][184][185][186][187][188][189][190][191].
Hereditary hemorrhagic telangiectasia (HHT) is a multisystem vascular dysplasia characterized by solid organ arteriovenous malformations (AVMs) as well as telangiectases of the dermis and mucous membranes. The reported prevalence of HHT varies but has been found to be more than 1/10,000 in well-studied populations, making it a common genetic disorder. 1 It has a wide ethnic and geographic distribution. [1] [2] [3] [4] The external, visible signs (dermal telangiectases and frequent nose bleeding) often do not manifest until the second or third decade of life. Yet internal AVMs in the brain, spinal cord, and lungs are thought to be largely congenital lesions and may present suddenly and with serious complication soon after birth or at an early age. [5] [6] [7] [8] If recognized, the underlying AVM is usually treatable.
Presymptomatic molecular diagnosis allows for significantly improved care for individuals at risk for HHT. Because the initial clinical presentation of the disorder can be a catastrophic pulmonary or CNS event, 5,8 -10 presymptomatic diagnosis for relatives of individuals with HHT offers an opportunity for prevention of serious or lethal complications. Individuals shown to be unaffected can be spared unnecessary and costly medical screening.
DESCRIPTION OF HHT
HHT is a characterized by telangiectases and arteriovenous malformations with direct artery-to-vein connections predisposing to shunting and hemorrhage ( Fig. 1 ). Lesions may be small (telangiectases) or large (AVMs) and are located nonrandomly in the body. Telangiectases are found predominantly in the oral and nasal mucosa, tongue, lips, nose, fingertips, and gastrointestinal (GI) mucosa, predominantly of the stomach and small bowel. AVMs occur mostly in the lungs, central nervous system, upper gastrointestinal tract, and liver. The number and location of telangiectases and AVMs vary widely between individuals and within the same family, suggesting that as yet unidentified epigenetic factors and/or modifying genes have a role in their development.
To date, mutations in either one of two genes cause HHT and account for most but not all clinical cases. Mutations can occur in the endoglin (ENG) gene on chromosome 9, giving rise to HHT1, or in the activin receptor like kinase 1 (ALK1) gene on chromosome 12 causing HHT 2. Some families do not map to either of these loci, suggesting at least one more gene causing HHT 11 (also unpublished data, 2003) .
Diagnostic criteria
HHT is diagnosed in an individual who meets three or more of the following diagnostic criteria. 12 The diagnosis is considered possible or suspected when two are present and unlikely when fewer than two are present:
• Mucocutaneous telangiectases, especially on tongue, lips, oral cavity, fingers, and nose • Internal AVM(s) (pulmonary, cerebral, hepatic, gastrointestinal, spinal) • First degree relative with HHT according to these criteria
Physical findings

Telangiectasia
Nosebleeds are the most common, usually the earliest and often the most troublesome aspect of HHT. As many as 95% of affected individuals eventually experience recurrent epistaxis, with a mean age of onset of about 12 years and mean frequency of 18 episodes per month. Approximately one half of diagnosed individuals report having onset by age 10 years and 80% to 90% by age 21 years. 13 Nosebleeds are spontaneous or start with minimal provocation and frequently occur at night. Although there seems to be a general tendency for nosebleed frequency and severity to increase with age, this is not uniformly the case. Many patients report no particular change in their nosebleeds over time and some even an improvement. 14, 15 Although nosebleeds may cause chronic anemia and require transfusion in some patients, many do not have nosebleeds that are frequent or severe enough to result in medical treatment or consultation.
Multiple telangiectases of the hands, face, and oral cavity ( Fig. 2 ) occur in a similar percentage of patients but the age of onset is generally 5 to 30 years later than for epistaxis. 14, 15 It is common for patients to report having first noticed telangiectases in the decade of their 30s. Telangiectases in these locations are often clinically silent but can be sites of bleeding.
Telangiectases in the GI tract occur anywhere but most commonly in the stomach and upper duodenum. About 25% of individuals over age 60 will have gastrointestinal bleeding, usually presenting with melena or anemia. Bleeding tends to be slow but persistent and may increase in severity with age. 16 
Arteriovenous malformations
In contrast to the smaller telangiectases, the symptoms of AVMs are often not secondary to hemorrhage. Symptoms of AVMs most often occur as a result of shunting of blood, thrombosis, or embolus.
AVMs in the lungs are thought to be congenital but may enlarge over time. 17 They occur in approximately 30% of individuals with HHT. 18, 19 They may be asymptomatic for many years and may present insidiously or dramatically with respiratory symptoms such as exercise intolerance, cyanosis or pulmonary hemorrhage, migraine headaches, polycythemia, and clubbing. 20 -23 However, about 30% to 40% of individuals with pulmonary AVMs (PAVMs) will have a central nervous system presentation with thrombotic and embolic events such as stroke, brain abscess, or transient ischemic attacks in the presence of near normal pulmonary arterial oxygen tension. 24 Several adverse events typically occur before the PAVM is identified as the source of the CNS events. 25 Pregnant women with untreated PAVMs are at high risk for pulmonary hemorrhage. 26 Central nervous system AVMs are thought to be congenital too, and new lesions do not appear to develop after birth. Cerebral AVMs (CAVMs) occur in at least 10% of individuals with HHT 18, 27 and may present at any age as seizure, headache, stroke, or intracranial hemorrhage. 28, 29 They may present neonatally, in infancy, and in childhood in otherwise asymptomatic children 5 (Fig. 3) . Reports to date of CAVMs in HHT are likely to underestimate their frequency and contribution to mortality in HHT as those who have a fatal intracranial hemorrhage as the first symptom are rarely diagnosed as having HHT. Spinal AVMs are rare, occurring in about 1% of individuals with HHT. They may manifest as subarachnoid hemorrhage, progressive myelopathy, radicular pain, or sphincter disturbance. 30 They are often unsuspected, and it may take months or years from onset of symptoms to diagnosis.
Although often clinically silent, hepatic vascular shunts can present as high-output heart failure, portal hypertension, biliary disease, and portosystemic encephalopathy. [31] [32] [33] [34] Hepatic vascular lesions include intrahepatic shunts of different types and disseminated intraparenchymal telangiectases. 32 Hepatic involvement may be more common in women. 35, 36 It is not yet clear whether hepatic vascular lesions in HHT are congenital and simply present later in life or whether they develop over time. The prevalence of hepatic involvement in HHT is unknown but probably higher than previously recognized. In one study hepatic vascular abnormalities were identified by multidetector row helical CT in 78% of consecutive HHT patients. 33 Most remain asymptomatic. AVMs have been described rarely in other locations including coronary arteries 37, 38 and vessels of eye, 39, 40 spleen, 41 urinary tract, 42 and vagina. 43 
MANAGEMENT OF HHT
Many types of specialists care for patients with HHT, thus multidisciplinary HHT specialty centers have evolved nationwide and internationally. Although providing care in the organ system of their expertise, HHT center clinicians are also part of a team knowledgeable about the intricacies of HHT. Ideally, the multidisciplinary team includes an ENT surgeon, interventional radiologist, pulmonologist, neuroradiologist, neurosurgeon, medical geneticist, genetic counselor, cardiologist and echocardiographer, gastroenterologist, hepatologist, and hematologist. Neurologists and pediatricians also play a role in the team.
Individuals with HHT should receive an initial workup at diagnosis and then preventive care and surveillance. Definitive treatment should be provided if needed. Individuals at risk for HHT should undergo evaluation to determine if they are affected. A list of multidisciplinary specialty clinics for HHT can be found on the web site of the HHT Foundation International (http://www.hht.org).
Surveillance and screening
It is recommended that individuals with HHT have the following:
• CBC and hematocrit, to be repeated if indicated. Testing will be more frequent in individuals with severe epistaxis and/or GI bleeding.
• Evaluation for occult blood in stool, especially in middleaged adults • Brain MRI with and without gadolinium to screen for CAVMs once at any age 27 • Contrast echocardiography to screen for pulmonary shunting at least once 44 -46 • If shunting is found, chest CT with 3-mm cuts is done to characterize PAVMs. 47 PAVMs may grow in size over time, so individuals with smaller PAVMs need to be followed. 17 be localized by endoscopy or angiography, and treated by endoscopic application of a heater probe, bicap, or laser. 54 • PAVMs are safely treated using transcatheter embolization (Fig. 4) , by an interventional radiologist who regularly treats HHT patients and is familiar with the risks associated with these high-flow lesions and their treatment. 24, 49 PAVMs should be embolized before pregnancy, but if not diagnosed early enough, can be treated during the second trimester. 55 • Techniques currently used to treat CNS AVMs include transcatheter embolization, resection, and stereotactic radiosurgery, often in combination. 56, 57 The most effective management of AVMs in children remains controversial; however, the long-term risks of hemorrhage, neurological deficits, or death when treated conservatively are considered unacceptable. 7, 56 • Symptomatic liver involvement is difficult to treat, with embolization resulting in a high mortality due to liver infarction. 34, 58, 59 At present, the treatment of choice is liver transplantation. 60 • Medications that interfere with normal coagulation such as aspirin and ibuprofen should be avoided.
PATHOGENESIS OF HHT
HHT is an autosomal-dominant disorder presently linked to two loci. Mutations of the ENG, localized to the long arm of chromosome 9 (9q33-q34.1), cause HHT1 (OMIM: 187300), [61] [62] [63] whereas HHT2 (OMIM: 600376) is caused by mutations of the gene encoding activin A receptor, type II-like kinase 1 (ACVRL1; also called activin receptor-like kinase 1, ALK1), localized on the long arm of chromosome 12 (12q11-q14). 64 -66 ENG has 14 exons and occupies 30 kb, 67 whereas the 10 exons of the ALK1 gene span more than 15 kb of genomic DNA. 68 ENG and ALK1 encode receptor proteins, which are members of the transforming growth factor-␤ (TGF␤) superfamily. 69 -71 Thus, HHT is caused by a disturbance in the TGF␤ signaling pathway. TGF␤ signaling is important in the regulation of many cellular processes such as proliferation, differentiation, adhesion, and migration. 72 However, the exact mechanism of how a disturbance of this pathway leads to HHT remains unclear.
Various ligands of the TGF␤ superfamily bind to TGF␤ receptors and form a heteromeric structure. ALK1 encodes a type I TGF␤ receptor (T␤R1, SwissProt: P37023), which is expressed in endothelial cells (ECs) and highly vascularized tissues such as lung and placenta. 69, 73, 74 Endoglin (also called CD105, SwissProt: P17813) is a homodimeric transmembrane glycoprotein. Its expression is high in ECs, syncytiotrophoblasts, activated monocytes, and tissue macrophages. 75, 76 Although there is some controversy, endoglin is also known as T␤RIII because of its 71% similarity to betaglycan, a T␤RIII protein. 70, 77 TGF␤ signaling occurs through the phosphorylation of the Gly/Ser-rich domain (GS domain) of T␤RI by T␤RII, which then activates downstream signaling via phosphorylation of Smads. 69,78 -81 Upon activation, Smad4 and its cell type-specific DNA binding partner move into the nucleus, and regulate transcription of the target gene(s). 81, 82 Interestingly, in a recent article, a few families with a combined syndrome of juvenile polyposis and HHT have been described. 83 This condition is caused by mutations in the MADH4 (SMAD4) gene, suggesting the importance of different components of the TGF␤ signaling pathway in HHT pathogenesis.
Endoglin is known to bind the heteromeric T␤RI and T␤RII complex. Because binding of ENG is not necessary for the phosphorylation or the function of the heteromeric complex, it is suggested that ENG modulates the downstream signaling pathway, i.e., Smad signaling. 77 A fine balance between ALK1 and ALK5, both of which are T␤RI molecules, plays an important role in angiogenesis. Although TGF␤ signaling is through ALK5 in many cell types, in ECs, both ALK1 and ALK5 are utilized. 84, 85 ALK1 is a positive regulator of angiogenesis, whereas ALK5 inhibits proliferation and migration of ECs. 85, 86 ENG regulates the ALK1/ALK5 balance by favoring ALK1 in ECs. 84 -86 Hence, mutations in either ENG or ALK1 cause similar findings.
Based on the predominance of mutations leading to premature stop codons and truncation of the ENG protein, a domi- nant-negative model was initially proposed as the mechanism of disease for HHT. 67, 77 In this model, the truncated proteins were predicted to interfere with TGF␤ signaling either by binding to normal endoglin or by being secreted and sequestering extracellular TGF␤. 87 Subsequently, in an expression study of a splice site mutation leading to an inframe deletion of exon 3, ENG expression on the surface of both endothelial cells and monocytes was found to be 50% of controls. 88 This result suggests that mutant forms of ENG, when expressed, do not heterodimerize with wild-type or homodimerize and are probably degraded intracelularly. 88 The dominant haploinsufficiency (or null allele) mechanism assumed from this study was supported by other independent studies. 88 -90 In expression studies with six different missense mutations, mutant proteins were not detected at the cell surface, possibly due to misfolding of the protein. However, when these missense mutations were coexpressed with normal ENG, the normal and mutant proteins were able to dimerize and were trafficked to the cell surface. 91 Similar studies with two truncation mutations yielded discrepant results, supporting both the haploinsufficiency and the dominant-negative mechanisms. 92, 93 Using a novel polyclonal antibody, ALK1 protein levels were shown to be reduced in HHT2 patients. 94 In addition, some mutations appear to result in undetectable transcript levels, indicating they result in functionally null alleles. 68, 94, 95 The lack of surface expression of the mutant proteins suggests that these mutations lead to structural alterations resulting in misfolding and intracellular degradation of the proteins. 95, 96, 97 In summary, although dominant-negative mechanism cannot be ruled out for some ENG mutations, haploinsufficiency is considered to be the main mechanism leading to HHT.
Animal models of HHT
After the identification of ALK1 and ENG mutations in HHT patients, several research groups established HHT models by gene targeting in mice and zebrafish.
Complete absence of the endoglin gene in the mouse (Eng Ϫ/Ϫ ) is embryonic lethal due to profound cardiovascular defects in the yolk sac vasculature. 98 The early steps of vessel formation appear normal in these mice, suggesting that endoglin has a role in angiogenesis rather than vasculogenesis. 92,98 -100 In heterozygous mice (Eng ϩ/Ϫ ), development of disease manifestations depends on the genetic background of the mouse, suggesting the role of modifier genes. When present, HHT symptoms show age-dependent manifestations and variable expression. Lack of clinical symptoms in heterozygous mice followed for more than a year suggests a mutant endoglin allele is apparently necessary but not sufficient to cause disease.
Although the targeted disruption of Alk1 in mouse (Alk1 Ϫ/Ϫ ) is embryonic lethal, death occurs at a later stage compared to Eng Ϫ/Ϫ mice. The Alk1 Ϫ/Ϫ mice exhibit defective endothelial remodeling. Heterozygous mice (Alk1 ϩ/Ϫ ) manifest symptoms similar to those seen in HHT patients. 101, 102 The knock-in Alk1 model showed that the Alk1 protein is preferentially expressed in the endothelium of arteries in early embryogenesis and throughout development. 103 Alk1 expression was diminished in blood vessels of the adult mice, but was induced in the neovascular endothelium during wound healing, tumor growth, and in the arteries corresponding to increased blood flow.
Recently, zebrafish models of HHT with Eng and Alk1 mutations have been generated that further support that HHT is caused by the haploinsufficiency of either Eng or Alk1 genes. 104, 105 Human ENG mutations
To date, 114 different mutations in the ENG gene have been reported (Table 1 ). Only 16 of these mutations were reported in more than one family (14.03%). There are 24 missense mutations (21.05%), 13 nonsense mutations (11.40%), 39 small (Ͻ 40 bp) deletions (34.22%), 6 large (Ͼ100 bp) deletions, insertions or duplications (5.26%), 15 small insertions (13.16%), 14 splice site mutations (12.28%), and 3 small deletions/insertions (2.63%). The distribution of these mutations in the gene is shown in Fig. 5 . These mutations are spread over the first 12 exons and there is no mutation "hot spot." The g.IVSϩ1GϾA and c.1238GϾT mutations, which seem to be frequent, have all been found in the small islands of the Netherlands Antilles with a reported HHT prevalence of at least 1/1300. 1 This is thought to be the result of a "founder effect," with these mutations having been introduced into the African slave population by early Dutch colonists. 106 
Human ALK1 mutations
Of the 80 different ALK1 mutations reported to date there are 44 missense mutations (55%), 16 deletions (20%), 9 nonsense mutations (11.25%), 7 insertions (8.75%), one duplication (1.25%), one insertion/deletion (1.25%), one insertion/ deletion/ missense mutation (1.25%), and one splice site mutation (1.25%) ( Table 2, Fig. 6 ). Only 20 of these mutations have been reported in more than one family (25%). In general, ALK1 mutations are distributed over the entire coding region, with exons 3, 7, and 8 being most frequently affected (20%, 22.5%, and 25%, respectively; Table 2 ). Although the c.1111_1112insG mutation was observed in 18 patients not known to be related, they were all from the same region and 17 of them shared the same haplotype. 107 Interestingly, no mutations associated with HHT have been reported in exon 5, which encodes the GS domain of ALK1 protein important for phosphorylation. To date, the only mutation in exon 5 (g.536AϾC, D179A) was reported in a patient with primary pulmonary hypertension without features of HHT. 96 The most frequent mutations in the ALK1 gene are missense mutations (55%), whereas frameshift mutations (50%) are commonly observed in the ENG gene. Unlike ENG, large deletions/insertions/duplications have not been reported in the ALK1 gene. Furthermore, splice site mutations have been reported only once in ALK1, 107 whereas they account for 12% of ENG mutations.
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Mutation frequency
A total of 114 different mutations were observed in ENG, compared to 80 mutations in ALK1. When the possible founder effects are excluded, the percentage of ENG and ALK1 mutations thus far reported as causing HHT is almost the same (53% and 47%, respectively). It should be noted, however, that most affected individuals genotyped to date presented to HHT specialty clinics worldwide. Ascertainment bias related to the morbidity associated with pulmonary involvement cannot be ruled out and would favor the identification of HHT1.
It is difficult to assess the new mutation frequency in HHT. To date, only 4 de novo mutations have been reported in HHT1 patients, with no such reports for HHT2. The age-dependent expression of HHT 14, 15 might result in underestimation of the mutation frequency. DNA samples analyzed to date have been from either HHT patients or HHT relatives. It is likely that some patients with de novo mutations would be missed due to lack of family history of HHT or not having developed the symptoms to bring them to medical attention.
CLINICAL MOLECULAR ASPECTS OF HHT Genotype/phenotype correlations
Although some reports indicate that PAVMs 108,109 are more frequent in HHT1 and hepatic involvement may be more common in HHT2, 35, 36, 110 HHT is clinically very heterogeneous. Significant intrafamilial as well as interfamilial variations are observed in HHT families. It is not possible to diagnose subtypes of HHT, i.e., HHT1 or HHT2, based on the clinical presentation. All reported manifestations of HHT have been seen in both types. There are individuals in HHT2 families with early and severe presentation of pulmonary AVM, epistaxis, and telangiectases. There are individuals with HHT1 and liver involvement. Therefore, the gene involved cannot be predicted accurately by clinical symptoms. 36, 111 This has two major implications for molecular diagnosis in HHT and counseling regarding subsequent results. First, the decision to test only the ALK1 or ENG gene in a particular family based on clinical findings will result in the HHT-causing mutation being missed in a substantial number of families. Initial genetic diagnosis in a family should thus usually include analysis of both genes. Secondly, families and individuals with both types of HHT should be counseled regarding their risk for all the vascular lesions and associated symptoms that have been reported in HHT patients.
Neither specific ENG nor specific ALK1 mutations seem to correlate with the severity of the phenotype. The types or the positions of the mutations cannot be used to predict the manifestations or the severity of HHT in an individual.
Molecular diagnostic testing
Molecular diagnosis of HHT is primarily based on sequencing of the entire coding regions of the ALK1 and ENG genes. The lack of common alleles or mutational types in both genes makes the development of simpler and more reliable diagnostic approaches difficult. Sequencing may be targeted following the use of a mutation scanning technology, or may involve sequencing the entire coding region of the endoglin and ALK1 genes.
Mutation detection rate via sequencing is Ϸ80% to 90%. 112 One possible reason for this Ͻ 100% rate is the limitation of sequencing in detection of big deletions, insertions, and duplications. Such alterations have been reported in ENG. Cymerman et al. 112 reported using quantitative multiplex PCR (QM-PCR) in which an unrelated gene, whose copy number is known, was used as an internal control to determine the copy number of ENG. However, some large insertions, large deletions, or duplications can still remain undetected after use of QM-PCR. Application of other molecular diagnostic techniques such as detecting loss of heterozygosity, long PCRs, quantitative Southern blots, or a combination of several diagnostic techniques might increase the mutation detection rate. Additionally, mutations in the 5' and 3' untranslated regions can account for some of the mutations undetected by sequencing. However, because noncoding regions are not routinely screened by sequencing, mutations in these regions remain undetected.
Locus heterogeneity and existence of another, yet to be identified HHT gene might be another reason for the reduced mutation detection rate. Rare HHT families are apparently not linked to either ALK1 or ENG. 11 However, linkage data can be affected by the incorrect assignment of affected versus unaffected status because manifestations of HHT sometimes do not present until middle or later adulthood. Also, symptoms (usually recurrent epistaxis) suggestive of HHT can occur in unaffected individuals in HHT families. In fact, a mutation in ALK1 was described in a family previously reported as nonlinked to HHT2 locus. 113 Therefore, the existence of a third locus remains unclear.
Another challenge in genetic diagnosis for HHT is that the detection of a novel missense mutation is very common. Missense mutations, most of them novel, constitute 21% of all mutations identified in the ENG gene and 54% of the mutations identified in the ALK1 gene to date (Tables 1 and 2 ). It is difficult to determine with certainty that the identified sequence variation is truly disease-causing rather than a benign variant. Family studies, population studies, or expression analyses can be helpful in interpreting these results, but in general, these studies are not practical to perform in a clinical laboratory in the evaluation of a specific case.
Testing protocol and results
Molecular diagnosis of HHT requires a stepwise, family based approach. An individual who meets diagnostic criteria for HHT should be tested first in each family to determine whether the family's HHT mutation can even be detected.
Confirmation of HHT in a relative, who will serve as the index case for the purposes of genetic testing, requires a careful family and medical history by a clinician familiar with HHT. A family history consistent with HHT is one of the most useful clinical diagnostic criteria.
Following American College of Medical Genetics guidelines (ACMG 2000), 114 the interpretation of the possible test results from sequencing the coding regions of ENG and ALK1 in an affected relative include the following:
1. Sequence variation is previously reported and is a recognized cause of the disorder. 2. Sequence variation is previously unreported and is of the type that is expected to cause the disorder. 3. Sequence variation is previously unreported and is of the type that may or may not be causative of the disorder. 4. Sequence variation is previously unreported and is probably not causative of disease. 5. Sequence variation is previously reported and is a recognized neutral variant.
Molecular diagnostic testing for HHT in other relatives is not indicated unless the interpretation of the test result in the family's index case was either 1 or 2.
Once a causative mutation has been identified in an affected relative, the chance of a conclusive result is much higher and the cost of the analysis much less, given its targeted nature. The cost to test the initial affected relative will typically exceed $1000, whereas the cost to test subsequent relatives for an already identified mutation is typically about several hundred dollars in clinical genetics laboratories.
For a person being tested for a mutation already identified in an affected family member, there are two possible test results: (1) Positive for the family mutation. This person has inherited the DNA sequence variation causing HHT in their family; i.e., this person has HHT. (2) Negative for the family mutation. This person has not inherited the DNA sequence variation causing HHT in their family; i.e., this person does not have HHT. The three clinical genetics laboratories in North America that currently offer testing for HHT recommend that molecular diagnostic testing be coordinated and ordered through one of the HHT Specialty Centers, listed on the HHT Foundation International web site (http://www.hht.org), or a genetics professional. This recommendation is due to the family-based, multiple-step approach required for testing and the complexity of the results and their significance. Primary care physicians Mutations and their effects on the protein are based on the NCBI sequence (NM_000020). PAVM, Pulmonary arteriovenous malformation; CAVM, Cerebral arteriovenous malformation; HAVM, Hepatic arteriovenous malformation; GIT, Gastrointestinal telangiectasia; PH, Pulmonary hypertension; NA, Not available. a Different nomenclature was used in two articles for the same mutation. b Mutations as described in the original articles are written in parentheses. c This mutation was also found in a patient with a pituitary tumor without HHT findings (D'Abronzo et al). 123 often lack the expertise to appropriately order and interpret sequencing-based genetic tests. 115 Involvement of a specialist also helps ensure optimal medical management based on the genetic test results.
Genetic counseling considerations
The medical and genetic aspects of HHT and its molecular diagnosis are complex. However, compared with many genetic disorders, the ethical issues surrounding genetic testing for HHT are less complex. The disorder is very difficult to diagnose based on clinical examination and medical history in the first few decades of life, and there is no "nongenetic" diagnostic laboratory test. Yet there are treatable congenital internal lesions that cannot be found on external examination that can present suddenly and catastrophically.
In general, the benefits of genetic testing are assumed to outweigh the risks if current medical management would be changed as a result of testing. Based on the criterion of early, preventable risks, it is reasonable to offer molecular genetic diagnosis for HHT early in life for individuals who are at 50% risk. For example, in a family with an identified HHT mutation, sending umbilical cord blood for mutation analysis on an at-risk newborn infant is indicated.
Usual concerns related to presymptomatic genetic testing and genetic testing in childhood are not significant issues in HHT molecular diagnosis. It can be argued that "presymptomatic testing" as it is usually thought of, does not exist in this disorder. The absence of manifestations or symptoms detectable by clinical examination and history in a 1-month-old whose parent has HHT offers almost no reassurance that he/ she is unaffected and without risk from a CAVM.
An individual who is to serve as the "known affected," index case for molecular diagnosis in a family should understand that this analysis of their sample will not significantly alter their course or care, but will most likely confirm their clinical diagnosis. A major purpose of testing him/her is to determine whether genetic diagnosis will be possible in other at-risk relatives. The purpose of the testing, and thus the content of pretest genetic counseling, is very different for the index case than for the other relatives who are subsequently tested. The index cases should also understand the range of possible test results from sequencing-based genetic testing. These include a possible "negative" result despite a clinical diagnosis of HHT and identification of a sequence variation of uncertain significance. In either case, the result of their testing would not allow for the desired accurate molecular genetic diagnostics for at-risk relatives.
Potential risks of genetic testing are emotional and practical in nature. Risks of an emotional nature include negative feelings about being labeled as having a genetic disorder, fear of the future, or in the case of a parent, guilt about having passed a hereditary condition to a child. Possible practical risks include noninsurability once the diagnosis of a genetic disorder has been confirmed. Many states have enacted genetic nondiscrimination legislation, but the laws are quite varied in their focus and scope. Professional genetics organizations support federal legislation to assure individuals and families that neither health care coverage nor employment status will be jeopardized by genetic test results.
SUMMARY
HHT is inherited as an autosomal-dominant condition with high penetrance and extremely variable age-dependent expression. Locus heterogeneity exists with 2 molecular forms described to date. Although there are likely overall differences between HHT1 and HHT2 in frequency and severity of certain manifestations, they are not distinct enough to alter clinical management based on the specific genetic form of HHT.
Molecular genetic diagnosis for HHT is complex. There is a substantial chance that genetic testing, even in a clearly affected individual, will result in a "negative" result or "sequence variation of uncertain significance."
Despite its complexities and limitations, molecular diagnostic testing for HHT is available and indicated for individuals with symptoms strongly suggestive of HHT, as well as asymptomatic individuals with an affected first-degree relative. Affected individuals of any age, even those currently asymptomatic for HHT based on clinical examination and medical history, may benefit from having their diagnosis confirmed by molecular genetic testing. Testing in any particular family should begin with a clinically confirmed affected individual, not one in whom the diagnosis is in question. This requires a multigenerational, family-based approach to HHT molecular diagnosis. 116 -123 
